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ABSTRACT 7

Shock transition conditions are presented which are applicable to

normal and oblique shocks in air within the range of oxygen dissociation.

It is assumed that the chemical composition of the air is frozen across the

shock. The molecular vibrations are assumed to be in equilibrium.

Results are given for free stream velocities from U 1 =800 to

6000 m,/sec, free stream static temperatures from T 1 = 100 to 1000 °K,

and for selected values of free stream oxygen dissociation.j_,_
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NOMENCLATURE*

Dissociation energy of oxygen [OK]

Internal energy [J/kg]

Enthalpy [J/kg]

Number of particles

Pressure [ N/m 2 ]

Gas constant of undlssociated air [J/kg OK]

Specific entropy [J/kg OK]

Temperature [OK]

Velocity [m/s]

Compresslbi lity factor

Degree of oxygen dissociation

Flow deflection angle behind oblique shock

Characteristic vibrational temperature [°K]

Density [kg/m 3]

Oblique shock angle

Subscripts

Free stream

Behind the shock

Normal component

Arbitrary reference state (used in eq. (12) only)

* Units conform with those given in Ref. 20.
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t Stagnationconditions, also tangential component

N2 Nitrogen

02 Oxygen

Numerical Values Entering Calculations

D' = 59 366 [°K]*

R = 287.05 [J/kg OK = m2/sec 2 OK]**

802 = 2270 [°K]***

eN2 = 3390 [°K]***

no2
= 0.2115"

no2 + nN2

* Ref. 17

** Ref. 18

*** Ref. 19



1. Introduction

A number of reports have been published for normal and oblique shock

waves at hypersonic speeds, considering various atmospheric conditions and

real gas effects behind the shock (Ref. 1 - 8). Altitudes where dissociation

in the atmosphere becomes significant were not considered. On the other hand,

it has been found that the high temperature flow of air in a hypersonic wind

tunnel freezes immediately downstream of the throat (Ref. 9 - 14). Hence,

for any shocks occurring in a hypersonic wind tunnel test section the "free

stream" conditions may be essentially different from the conditions met in

free flight within an altitude range where the air is not dissociated. The purpose

of this investigation is therefore to determine shock transistion conditions for

normal and oblique shocks in dissociated flows for a certain range of the

following variables: frozen free stream oxygen dissociation a = 0 to 1.0;

free stream static temperature T 1 = 100 to 1000 OK; free stream normal velocity

Unl =800 to 6000 m/sec. The results are equally applicable to determine

normal and oblique shock parameters for free flight conditions.

The results are presented in the form of tables and graphs of the shock

wave parameters Un2/Unl , p2,/Pl, T2/T1, P2/P1, h2/hl, (S2 - S1)/R , Pt2/Ptl,

(Pt2 - P2)/PI' for various values of a and T 1 at various values of Unl.

Charts for the variation of the shock wave angle with the flow deflection

angle are also given. These results are compared with results given in Ref. 6

for an altitude of 100,000 ft.

2. Shock Calculations

2.1. Basic Assumptions

a) The flow is uniform and steady.

b) The free stream oxygen dissociation is frozen, the molecular vibrations

are in equilibrium across the shock.

c) The calculations are restricted to a range of temperatures and pressures

in which there is only oxygen dissociation of air.
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d) Thecalculations are basedona simplified air model, consisting

of atomicoxygen, molecularoxygenand molecular nitrogen

(i.e. O, 0 2 and N2) only.
e) Viscosity, heat conductionandradiation areneglected.

2.2 Basic Equations

The notation used for all velocity components involved is given in the

figure below.

Conservation of mass

Pl Unl = P2Un2 (1)

Conservation of momentum

Utl = Ut2 (2)

U 2 2
P1 nl + P1 = P2Un2 + P2 (3)

Conservation of energy, and using eq. (2),

1 U 2 1 U 2
nl + hl =2 n2 + h2 (4)
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P : pRZT (s)

where

Z=I
no2

+

no2 + nN2
a (6)

The enthalpy can generally be written as

P
h = e +- (7)

P

where e is the internal energy. Expressing the internal energy of the particle

mixture in terms of partition functions, the following expression is obtained for

the enthalpy:

h Rt3 no2a= T + (1-a)no2 [ 5_ T + 802/TB02 1
no2 +nN2 no2 + nN2 e - 1

I5 BN2 ] no2 a no2 a }
+(1 no2 ) _T + + D'+ (1 + )T

no2 + nN2 BN2/T no2 + nN2 no2 + nN2
e -1

(8)

The detailed derivation of the above expression is given in Ref. 14. If numerically

evaluated, the expression reads as follows (T in OK):
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137.814(1 -a) 767.285 J
h = 103(3604.17a + 0.09107aT + 1.0045T + 2270/T + 3390/T ) [kg]

e -1 e -1

(9)

From the definition of the entropy and using the first law of thermodynamics_

the change of entropy dS may be written for any medium as

dh- Z dP
P (10)dS- T

Eq. (10) defines the entropy as a variable of state. Knowing the thermodynamic

coordinates of two states, their entropy difference may be calculated from eq. (10).

According to the second law this difference is zero for an adiabatic reversible

process, and positive for an irreversible process.

For chemically frozen flow with vibrations in equilibrium the enthalpy is

a function of the temperature only. Integration of the above equation furnishes

then the entropy difference between any two states as follows:

ah dT dP
AS = y (-_) T RZ f T (11)

Using the enthalpy equation and the equation of state, we finally arrive at

S- s a (1o _ 1 no2 T no2 a - a)no2

(5 ÷ nN2 ) In - (1 -I )In p_e_4R 2 no2 + T- + Po +o no2 nN2 no2 nN2

reo2/T
Le802/T -1

eO2/T -Oo2/T -Oo2/T°) 1
o In(l- e ) + In(l- e

Oo2/T o
e -I

+(1 no2 teN2/T

no2 + nN2)LeeN2/T
-1

eN2/To

eN2/To
e -1

-ON2/T e-eN2/To) ]
In(l- e ) + In(l- (12)
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wherethe subscripto denotesan arbitrary referencestate.

2°3° Shock Parameters

Using equations (1), (3), (4) and (5) it can be shown that

Unl (1 .--_--) JU21 - 2(h 2 hl)' - -_. (h2 hl)T2 - _ + - _

Unl (13)

For any given free stream conditions (ioeo T 1, a and Unl ) the temperature behind the

shock, T2, can now be obtained from eqo (13) and eqo (9) by solving these equations

numerical lyo

Using the energy equation, eqo (4), the ratio of the normal velocity

components across the shock is obtained as

Un2 _ v//1 2(h2 - hl)'
U 2

nl U
nl

(14)

From lhe continuity equation, eqo (1), we get

P2 Un 1

Pl Un2
(15)

Using the equation of state and noticing that by assumption the chemical composition

is frozen across the shock, the static pressure ratio is obtained as

P2 P2 T2

P1 Pl T1

This completes the calculations of the static conditions behind the shock°

(16)
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2.4. Downstream Stagnation Point Conditions

Knowing the static conditions, in particular the temperature and the

density on both sides of the shock, the entropy difference across the shock can

now be obtained by applying eq. (12) across the shock. This yields

S2 - S1 T2 P2
- 0.5(5 +0.2115a)In;-- - (1 +0.2115a)in --R h Pl

+0.2115(1 -a)
2270/T 2270/T 1 -2270/T2) -2270/T 12270/T2- 2270/T1- - In(1 - e + In(1 - e

e -1 e -1

r 339°/T2

+ O. 7885L3390/T2 -
3390/T 1 -3390/T2) -33 90/T 1)]
3390/T1 1 - In(1 -e +In(1 -e

e

(17)

For externally adiabatic flow the total enthalpy remains constant. Hence

application of eq. (11) to the total conditions on both sides of the shock furnishes

immediately

AS =-RZ Pt2 dP
J'Ptl P

(18)

Knowing the entropy difference across the shock from eq. (17) the total pressure

ratio across the shock is obtained from eq. (18) as

Pt2 -($2- S1)/RZ

Ptl - e
(19)
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Another useful parameter is the ratio of the downstream stagnation pressure

to the static pressure behind the shock_ indicating the compression from behind

the shock to a stagnation point. In order to calculate this compression we have to

know whether the considered flow is isentropic or not. For externally adiabatic

flows, disregarding viscosity, heat conduction, diffusion and radiation, it was

shown by Heims (Ref. 15) that, for example, both chemically frozen flow with

vibrations in equilibrium and full equilibrium flow are isentropic flows.

Hence, if it is assumed that the flow downstream of the shock continues

to be chemically frozen and vibrationally in equilibrium up to a stagnation point,

this flow is isentropic and it follows from eq. (11) that

Pt2 dP Tt2 ,ah) dT (20)
Rz $ P- $ _oT

P2 T2

Knowing the total enthalpy from the free stream conditions, the stagnation

temperature, Tt2, appearing as the upper limit in the integral on the right side

of the above equation, may be obtained from the enthalpy equation, eq. (9).

Eq. (20) yields the desired pressure ratio as

t expf [ noOT (- In t2 - a)no2 eO2/Tt2

P2 2 no2 +nN2 ) _ + no2 + nN2 eO2/Tt2 1
e -

eO2/T 2 -eO2/Tt2) -eo2/T2)) no2eO2/T2 In(1 - e + In(1 - e + (1e - 1 no2 + nN2")

X (eN2J't2eeN2'Tt21_e0N T2-1,n l_e-eN2 t2 ,n l_e-eN2 2 )]t
(21)
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From eq. (16) and eq. (21) we then obtain

Pt2- P2 _ P2 (Pt__2 1)

P1 P1 P2
(22)

It is clear that the value of the ratio from eq. (22) given in the tables is meaningful

for normal shocks only.

3. Oblique Shock Relations

From the geometry of the oblique shock the following relations can be

obtained:

U
nl

tan a-
Utl

(23)

Un2
tan (a - 6) - (24)

Ut2

Eliminating the tangential velocity components according with eq. (2), the

relation between a and 6 becomes

Un2

tan (a - 8) = g-- tan a (25)
nl

and finally

8= a - tan -I ( Un2 tan a) (26)

Unl

Knowing Un2/Unl from eq. (14), the deflection angle 6 may be calculated for

any oblique shock angle a from eq. (26)°
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4. Discussion of Results

The computation of shock transition conditions is considerably simplified

due to the assumption of frozen dissociation across the shock. It should be noted

that the free stream dissociation could be either equilibrium, non-equilibrium or

frozen. Under this condition the enthalpy is a function of the temperature only.

Then, for given free stream conditions, temperature T 1 and degree of dissociation a,

the temperature behind the shock, T2, is only a function of the normal component

of the free stream velocity. It will be noted in all figures that the perfect gas

case coincides with the a = 0 case only for moderate normal free stream velocities.

The deviation with increasing normal velocity is a consequence of the assumption

of vibrational equilibrium in our real gas calculations.

The density ratio across the normal shock For a = 0 and a = 1.0 is presented

in Fig. 1 for T 1 = 100, 500, and 1000 OK. It is interesting to note that the density

ratio is considerably effected by both the free stream dissociation and the free

stream static temperature.

The temperature ratio across the normal shock is presented in Figs. 2_ 3

and 4. The results indicate that the temperature ratio is not sensitive to the free

stream dissociation, but that it does depend on the free stream temperature.

The static pressure ratio across the normal shock is presented in Figs. 5,

6 and 7. The free stream dissociation reduces the static pressure ratio such that

for a = 1.0 its value is roughly 20% below the value for a = 0 over the entire range

of velocities.

The enthalpy ratio across the shock is presented in Figs. 8_ 9 and 10.

This ratio depends strongly on both the free stream dissociation and the free

stream temperature.

Fig. 11 shows the influence of the free stream dissociation on the entropy

increase across the shock. For a typical case of T 1 = 500 OK the maximum

difference between a = 0 and a = 1 is roughly 40% (at U = 800 m/s) Thenl

difference decreases with increasing free stream velocity.
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Fig. 12 shows the effect of the free stream dissociation on the total pressure

ratio across the shock. It is seen that this ratio is very strongly effected by free

stream dissociation.

The compression from behind the shock to a stagnation point is shown in

Fig. 13. While the influence of the free stream temperature is quite significant,

the effect of the free stream dissociation on this ratio is so small that it does not

appear in this graph.

The temperature behind the shock, T2, and the enthalpy behind the shock,

h2, are given in Figs. 14 and 15, respectively, for various free stream conditions.

The results from this report are compared with the approximate values from Ref. 14.

"T 1 = 0" should be understood to mean the influence of the free stream temperature

can be neglected below T 1 = 100 °K.

As to the oblique shock curves, it should be noted that all results are

presented for a constant normal component, U of the free stream velocity U 1nl'

The relation between the shock angle a and the deflection angle S depends on

the ratio of the normal components of the velocities, or on its reciprocal, the

density ratio across the shock.

Shock angles and the pertaining deflection angles are presented in Figs.

16, 17 and 18 for selected free stream temperatures and normal velocities. The

relation between shock angle and deflection angle depends obviously on the

free stream dissociation since the density ratio does so. It should be noticed

that for a given deflection angle the shock angle increases with increasing free

stream dissociation.

In Figs. 19 through 27, the oblique shock data resulting from the analysis

presented in this report are compared with calculations for perfect gas. These perfect

gas curves were calculated from eq. (26) with the normal velocity ratio taken from

Ref. 16. It can be seen from Fig. 19that for a low free stream temperature, for

a low normal velocity and for zero free streamdlssociation the agreement is excellent.
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Finally, Fig. 28 presents a comparison of data calculated for frozen

flow across the shock with those assuming equi librium behind the shock or

perfect gas. The curves for chemical equilibrium were calculated from shock

data based on atmospheric free stream conditions at 100,000 ft. altitude,

presented in Ref. 6. Hence there is no free stream dissociation involved in

the equilibrium flow curves.

5. Conclusions

The influence of free stream dissociation of air on normal and oblique

shock parameters was investigated under the assumption that the composition

does not change across the shock. The influence of such dissociation was

found to be quite significant. Comparing the frozen flow analysis for zero

dissociation, the equilibrium flow and the perfect gas flow, it can be seen that

the agreement is very good at the relatively low normal velocity Unl = 1000 m/sec.

The agreement is not good for increasing normal velocities. Both perfect gas

theory and frozen flow analysis yield in this case a larger shock angle than the

equilibrium flow analysis does. This must be attributed to the difference in the

temperature behind the shock which occurs due to the fact that in equilibrium

there is some oxygen dissociation behind the shock while for the frozen flow and

the perfect gas case the dissociation is zero by assumption.

From these results and the results given in Ref. 1, 4 and 6, it must be

concluded that one should be very careful in simulating certain free flight

conditions in an experimental facility.

It is hoped that the data presented in this report will be useful in

calculating shock transition conditions for various environments.
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